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A physical map of the Chlorella virus CVK2 genomic DNA has been constructed based on a cosmid contig covering the
entire genomic region. By using Southern blot analysis with 22 gene probes, the gene arrangement along the genome was
compared between CVK2 and PBCV-1, the prototypic member of Phycodnaviridae, whose genomic sequence is now available.
The major rearrangements were (1) an insertion of a 20-kbp region around the left end of CVK2 DNA, (2) a duplication of the
gene for major capsid protein in CVK2 DNA, (3) deletions/insertions of some open reading frames, and (4) divergence in the
terminal inverted repeat sequences. Despite these changes, extensive colinearity was revealed between most of the genes
along the CVK2 and PBCV-1 genomes. These data imply that the Chlorella virus genome has an overall high degree of
genomic stability, encompassing specific islands of rearrangements. © 1999 Academic Press
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VINTRODUCTION
Chlorella viruses (Phycodnaviridae), which are large
cosahedral, dsDNA-containing viruses that infect cer-
ain isolates of the unicellular green alga Chlorella, are
biquitous in natural environments (for a review, see Van
tten et al., 1991). These viruses can be assayed by
laque formation and, experimentally, can be produced
n large quantities with some exsymbiotic Chlorella
trains such as NC64A (Van Etten et al., 1983). One of the
emarkable features of Chlorella viruses is their giant
inear, dsDNA genome that extends for 330–390 kbp; that
ize equals ;60% the size of the smallest genome of
icroorganisms (580 kbp for Mycoplasma genitalium;
raser et al., 1995). The linear DNA genome is nonper-
utated and has covalently closed hairpin ends (Ro-
ozinski et al., 1989; Yamada and Higashiyama, 1993;
hang et al., 1994). The terminal regions of the genome
re identical inverted repeats of various sizes; for exam-
le, 2221 bp for Chlorella virus PBCV-1 (Strasser et al.,
991) and ;1.0 kbp for Chlorella virus CVK1 (Yamada and
igashiyama, 1993). Among the natural virus isolates,
he genome size varies from 330 to 390 kbp (Rohozinski
t al., 1989; Yamada and Higashiyama, 1993), and large
eletions (27-45 kbp) in the genome are reported to
ccur readily for CVK1 (Songsri et al., 1995) and PBCV-1
Landstein et al., 1995). These observations suggest dy-
amic and frequent rearrangements of Chlorella virus
enomes during replication in natural environments. To
nderstand the fundamental organization of the Chlorella
1 To whom reprint requests should be addressed. Fax: 81(824)24-
a752. E-mail: tayamad@ipc.hiroshima-u.ac.jp.
042-6822/99 $30.00
opyright © 1999 by Academic Press
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376iral genome and to assign essential genes for viral
eplication, it would be important to distinguish highly
onserved regions from variable and dispensable ones
n the genome.
Recently, the nucleotide sequence of the 330740-bp
enome of PBCV-1 was completed, and 702 open read-
ng frames (ORFs) were identified along the genome, of
hich 377 are predicted to encode functional proteins;
21 of these resemble proteins in the databases (Kutish
t al., 1996; Li et al., 1995, 1997; Lu et al., 1995, 1996).
herefore, it would be very interesting to know whether
hese genes are also conserved in other Chlorella vi-
uses. In the present study, we constructed a physical
ap of the CVK2 genome based on a cosmid contig
overing the entire genomic region, and we used it to
ompare the DNA sequence arrangement between
hlorella viruses PBCV-1 and CVK2.
RESULTS
stablishment of a cosmid contig covering the entire
egion of the Chlorella virus CVK2 genome
A cosmid library of CVK2 DNA was constructed with
urified DNA followed by partial digestion with Sau3AI.
he library consisted of ;20,000 clones with an insert
ize of 30-42 kbp; the combined length of the cloned
equence was 2000 times that of the length of CVK2 DNA
350 kbp). From a random sample of 528 clones, a contig
ap was constructed as follows: the clones were
oughly grouped by hybridization with different marker
NA clones, including the genes for TFIIS (Yamada et al.,
994), DNA polymerase (Songsri et al., 1995), Vp73-3 and
p73-42 (Yamada et al., 1996), chitosanase (Yamada et
l., 1997), and the major capsid protein (mcp) (Nishida et
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377GENETIC VARIATION OF CHLORELLA VIRUSESl., 1998), whose approximate map positions on the
VK2 genome are known. Each marker assigned an
verage of 13 cosmid clones. These clones were aligned
y comparing their EcoRI digestion patterns (EcoRI fin-
erprinting). The technique of “chromosome walking”
dentified the gaps between the groups by using over-
apping hybridization of clones with partially shared se-
uences. For each walking step, several independent
verlapping cosmid clones were obtained, and their rel-
tive positions were mapped by restriction analysis. A
otal of ;150 cosmid clones were definitely aligned
long the CVK2 DNA, nearly covering its entire length.
ny part of the the genome, except for the most distal
nds, was covered by several different clones, which
elped to rule out the possibility of chimerism or artificial
earrangements in the cosmids. Figure 1 represents the
osmid arrays and overlaps that comprise the minimal
iling (13 clones) of DNA fragments required to cover the
ntire region of CVK2 DNA. Although many other clones
ere assigned to the same regions, only one represen-
ative clone is shown for each region. The most distal
arts of the genome ends were covered by the clones
TER1 (right terminus) and pTEL1 (left terminus), ob-
ained as described in “Materials and Methods” and
hown in Fig. 1. The DNA fragments containing hairpin
oops at the CVK2 DNA termini have not yet been ob-
ained. On the cosmid contig, a total of 77 EcoRI sites
ere mapped, so it is possible to localize any specific
enes to definite sites on CVK2 DNA by Southern blot-
ing. The positions of DNA clones used for landmarks are
lso shown in Fig. 1.
omparison of the gene arrangement between
hlorella viruses PBCV-1 and CVK2
Based on the complete nucleotide sequence, a total of
FIG. 1. Alignment of minimal overlapping cosmid clones of CVK2 DNA
enes are drawn to scale. Arrowheads show the positions of DNA c
hitosanase, and the major capsid protein (mcp). Both terminal region
ndicated by vertical bars.02 ORFs were identified along the genome of PBCV-1 lthe prototype virus of Phycodnaviridae). PBCV-1 was
solated in the United States from endosymbiotic Chlor-
lla-like algae residing in the cells of Paramecium bur-
aria (Van Etten et al., 1982). Meanwhile CVK2, was
solated from freshwater in Japan in 1990 (Yamada et al.,
991). In view of their distant isolation sites and a nearly
0-year gap between their dates of isolation, the PBCV-1
nd CVK2 gene arrangements offered a telling compar-
son. Highly conserved regions in both viral genomes
ay reflect functional and/or structural importance for
he virus replication. The gene arrangements can be
ompared using Southern blot analysis of restriction
ragments of CVK2 cosmid contig clones probed with
ppropriate PBCV-1 genes. As probes, we chose 22
enes that are distributed at almost equal intervals along
he PBCV-1 genome. The genes were amplified by PCR
ith synthetic oligonucleotide primers (Table 1) and
BCV-1 DNA as template as described in “Materials and
ethods.” In general, most of these PBCV-1 gene probes
ould be assigned definitely to a unique restriction frag-
ent of CVK2 DNA as representatively shown by the
ene for A357L (Fig. 2B): The gene for A357L was local-
zed on a 6.0-kbp EcoRI fragment covered by cosmid
lones 3H6 and 3F12. However, the gene probe for mcp
Fig. 2C) gave two hybridization signals, indicating a
uplication of this gene on the CVK2 genome (described
elow). The probe of the gene for A646L did not show
ny hybridizing band, suggesting deletion of this gene
rom CVK2 DNA. Figure 3 summarizes the results of
ybridization in terms of the map location of the genes:
ositions of each corresponding genes are connected
etween the PBCV-1 and CVK2 genomes. Extensive co-
inearity of the gene arrangement existed between
BCV-1 and CVK2 except for two regions: one near the
ontig consisting of 13 clones is oriented 59 to 39 from left to right, and
used as landmarks, including the genes for TFIIS, Vp73-3, Vp73-42,
overed by plasmids pTEL1 and pTER1. Restriction sites for EcoRI are. The c
lones
s are ceft end expanding in CVK2 DNA and the other located at
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378 NISHIDA ET AL.ositions 200–250 kbp containing two copies of the gene
or mcp.
nalysis of a region containing two mcp genes of
VK2 DNA
The cosmid clone 1F7 gave two different hybridizing
ands when its restriction fragments were hybridized
ith a mcp probe (Fig. 2C), suggesting a duplication of
his gene on this CVK2 region. The two mcp gene copies
arbitrary designated mcpI and mcpII) were localized by
outhern blotting onto a restriction map of cosmid clone
F7 and are shown in Fig. 4A. The two genes were
ocated in a tandem array and separated by 15 kbp. The
ucleotide sequences determined for the coding and
lanking regions of both mcpI and mcpII (DDBJ accession
TABLE 1
Oligonucleotide Primers Used in the Study
BCV-1 ORFa Primer Sequence (59-39)
A3R Fb TTTACTTTCCATTTCACTTGTCAACGG
Rc CACCAGAGCATTCACAATGATTTCC
A50L F TGAATCTCGTACCGGTTCAAGAATTAG
R TTCGTGAACCTGTAAAAACTTGGCTTC
A100R F GTTCTATTGACGGCATTGACGATCTGC
R CCACAAGCCAGTATCAGGATGTTGTC
A107L F GATTCTATGACTGGTTTTGATGTGTGC
R ATCAACGTCTATGGTATTTGATAGAGC
A181R F ATGGCGACCGTACCAAGCACAAAAC
R TACGCAAATGTGTTGAATATATTTG
A245R F ATGTCTTTGCTTCCTACCGGAACGTTA
R CGTTGCCACCTAAACCAAGATCATCCG
A357L F GGAACCTGACAATGAAAATTCGCTCG
R ATACCGGTCAATTCAAGAATACAACG
A413L F ATGCGACTCTCATATCTAACTTACC
R AAGTTACTCTACGAGCTATCATAGG
A448L F TCTAGAGAGCATGAATCATTCAAGG
R AACGATTTTATTAGCTTCACGTGGG
A464R F GGAACTATGATGGTTTCTGAACGATTC
R CATTGTATGGAGTGCGATTTTAGAAGC
A533R F CCAGCCTACGAATATAAATACGTGG
R GGAAAACGAGAGTGCCATTTATAGC
A575L F CTTTTATCAGTCAAGCTGTTGGCCG
R TTAGACCGTATACCAACACGCCATC
A577L F GCCAAGTAGTTCAAAAATATAAAGAAGC
R AACAGTTTTCCTTTTGGCTTTCTGC
A604L F GCGTAACAATTCCCAAGAGACATATTG
R TTATGAATAATCTCATGATGAGTCGTG
A646L F GATTGAAAGCCAGTGAACTACAGGTG
R CGAAGAAAGGTATTCTATTAACAGGGC
A666L F AAAAATTCTTCTGAACAACACGCGG
R GTCAAAGATTAGTTTTTCCGTACCC
a ORF number is according to GenBank accession no. U42580.
b Forward primer corresponding to the nucleotide sequence of the
eginning of each ORF.
c Reverse primer corresponding to the nucleotide sequence of the
nding of each ORF.os. AB018579 and AB018568) revealed that ORFs en- soded by these genes were very similar; they shared
2% identity over a total of 1311 nucleotides and were
1% identical in an amino acid sequence that consisted
f a total of 437 amino acids. The mcp gene of CVK2
hares 96% identity of its amino acid sequence with the
p54 (the major capsid protein) gene of PBCV-1 (Nishida
t al., 1998), which agrees with the mcpI data presented
ere. The amino acid sequences of mcpI and mcpII are
ompared in Fig. 4B. Changed amino acid residues were
oncentrated in the region of positions 190-200, which
lanks a potential asparagine-linked glycosylation site
Graves and Meints, 1992). Analysis of the secondary
tructure using the Chou-Fasman method indicated that
his region corresponded to a turn between b sheets
data not shown), suggesting its possible importance in
tructural variations of the major capsid protein.
When the upstream flanking sequences were com-
ared among CVK2 mcpI, mcpII, and the gene for PBCV-1
p54 (A430L), a ;30-bp-long sequence immediately up-
tream of the ORF was found to be highly conserved (Fig.
C). This sequence is AT rich (87% AT) and corresponds
o the possible promoter of the gene (Graves and Meints,
992). The nucleotide sequence beyond this region di-
erged greatly among the three mcp genes. As for the
ownstream region, the nucleotide sequence immedi-
tely 39 to the ORF was highly homologous between
BCV-1 mcp and CVK2 mcpI: 89.5% identical in a stretch
f at least 420 bp except for an insertion of 33 bp in
BCV-1 mcp (Fig. 4D). Contrasting to this, the mcpII 39
equence, located next to the UAA stop codon and con-
isting of only ;40 bp, showed significant homology with
he corresponding regions of mcpI and PBCV-1 mcp.
everal copies of a motif GT3-GT6 are present within this
egion: totals of three, six, and five copies exist in PBCV-1
cp, CVK2 mcpI, and mcpII, respectively. It is noteworthy
hat a copy of GT6 is also located upstream of mcpII ORF,
ust next to the conserved promoter region (Fig. 4C).
hese sequence motifs appear to be sandwiching an
ntire conserved region of mcpII. The nucleotide se-
uence of mcpII further downstream of this motif did not
how any significant homology to either mcpI or PBCV-1
cp (Fig. 4D). To uncover genomic rearrangements
ithin and around this region, the CVK2 sequences were
urther compared with the PBCV-1 sequence (GenBank
ccession no. U42580). The upstream sequence of mcpI
upstream from position 2120, Fig. 4C) coincided with
he PBCV-1 sequence from position 211690, correspond-
ng to an upstream region of A432R. Therefore, the gene
or A431L located between mcp and A432R on the
BCV-1 genome (Kutish et al., 1996) is missing from
VK2 DNA (Fig. 4E). In contrast, the CVK2 downstream
equence is highly homologous with that of PBCV-1 as
escribed above; an A429L-like ORF was located in a
olinear way (Fig. 4E). In the case of mcpII, its upstream
equence (from position 2132, Fig. 4C) corresponded to
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379GENETIC VARIATION OF CHLORELLA VIRUSEShe PBCV-1 sequence from position 219729, encoding
454L (Kutish et al., 1996). The downstream sequence
rom position 58 of mcpII (Fig. 4C) was homologous with
he PBCV-1 sequence from position 219724, encoding
452L (Fig. 4E); namely, on the CVK2 genome, mcpII was
nserted between the positions corresponding to A452L
nd A454L ORFs of PBCV-1 (Fig. 4A).
nalysis of both terminal regions of the CVK2
enome
Two positive bands of 4.7 and 2.3 kbp appeared (data
ot shown) when CVK2 DNA was digested with EcoRI
nd analyzed on a Southern blot with a 600-bp HindIII–
mnI fragment of CVK1 that contained part of the termi-
FIG. 2. Mapping of specific genes onto restriction fragments of CVK
ybridized with a probe of the gene for PBCV-1 A464R (RNase III homolo
A9, 5D8, 4D11, 3F2, 1G1, 3H6, 3F12, 6C5, 1F7, 5B10, 1C2, and 4D10 a
FIG. 3. Comparison of the gene arrangement between CVK2 and PB
ragments of CVK2 contig clones. Corresponding gene positions a
aminoacyl-tRNA synthetase), (2) A35L (Vp73-42), (3) A50L (T4-endonu
TFIIS), (7) A181R (chitinase), (8) A185R (DNA polymerase B), (9) A245R (
357L, (13) A413L (TFIID), (14) A430L (major capsid protein), (15) A448L
19) A577L, (20) A604L (zinc metallopeptidase), (21) A646L, and (22) A66
o Li et al. (1995, 1997), Lu et al. (1995, 1996), and Kutish et al. (1996).al inverted repeat (TIR) as probe (Yamada and Higash-
yama, 1993). The nucleotide sequence determined for
he 4.7-kbp fragment (DDBJ accession no. AB018569)
evealed that the TIR sequences were exactly conserved
etween CVK1 and CVK2, except for the number and
equence of the small tandem repetitive elements flank-
ng TIR; there were 33 and 20 copies for CVK1 and CVK2,
espectively. The sequence proximal to these repetitive
lements again showed a high homology between CVK1
nd CVK2 (.95% homology) along a $4.0-kbp region.
he nucleotide sequence of PBCV-1 corresponding to
his region also showed a high degree of colinearity
positions 323520–328100, GenBank accession no.
42580). Using pTER1, the nucleotide sequence of the
ig clones. Cosmid clones of Fig. 1 were digested with EcoRI (A) and
r of the CVK2 mcp gene (C). Lanes 1-15 represent cosmid clones 1D5,
RI fragments of CVK2 DNA and PBCV-1 DNA.
y Southern blot hybridization, PBCV-1 genes were assigned to EcoRI
nected by lines. PBCV-1 genes used as land marks are (1) A3R
V), (4) A100R (glucosamine synthetase), (5) A107L (TFIIB), (6) A125L
superoxide dismutase). (10) A292L (chitosanase), (11) tRNA genes, (12)
in disulfide isomerase), (16) A464R (RNase III), (17) A533R, (18) A575L,
slational elongation factor EF-3). For a description of each gene, refer2 cont
g) (B) oCV-1. B
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clease
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380 NISHIDA ET AL.FIG. 4. Analysis of a region containing two mcp genes of CVK2 DNA. (A) A physical map of cosmid clone 1F7 (top). Positions of two mcp genes
re indicated by arrows. (Bottom) Comparison of the gene arrangements around the mcp gene between CVK2 and PBCV-1. The arrow indicates the
rientation and size of each gene. (B) Comparison of predicted amino acid sequences of the mcp gene products. Matching amino acid residues are
ndicated by asterisks. A shaded area indicates the varied region in CVK2 mcpII. A potential glycosylation site is underlined. (C) Comparison of
ucleotide sequences upstream of the mcp coding regions. Identical nucleotides are indicated by asterisks. A highly conserved region is shaded.
he initiation codon and a repetitive element GT6 of CVK2 mcpII are indicated by bold type. (D) Comparison of nucleotide sequences downstream
f the mcp coding regions. Identical nucleotides are indicated by asterisks. Bold letters show the termination codon and repetitive elements GT3-GT6.
E) Nucleotide sequence of the PBCV-1 region where a copy of mcp (mcpII) is inserted in the CVK2 genome. Nucleotide positions of PBCV-1 are
ccording to GenBank accession no. U42580. Nucleotide positions of CVK2 are the same as those appeared in Fig. 4C. The arrow indicates the
rientation of the mcpII gene.
381GENETIC VARIATION OF CHLORELLA VIRUSESFIG. 4—Continued
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382 NISHIDA ET AL.ost distal 1.5-kbp EcoRI fragment was also determined
DDBJ accession no. AB018569). Homology matrix anal-
sis revealed that the nucleotide sequence colinearity
bserved between the CVK2 and PBCV-1 genomes was
isrupted within the small repetitive elements and there
as no significant homology extending into the TIR se-
uences except for occasional homology islands of short
tretches and a ;600-bp region next to the hairpin loop
Fig. 5).
DISCUSSION
Because of the wide variation observed in the genome
ize and DNA restriction fragmentation patterns of natu-
ally occurring Chlorella viruses (Rohozinski et al., 1989;
amada et al., 1991; Van Etten et al., 1991), as well as the
pontaneous or induced genomic rearrangements dem-
nstrated for CVK1 (Yamada and Higashiyama, 1993;
amada et al., 1995) and PBCV-1 (Landstein et al., 1995),
he genetic organization of the Chlorella viral genome
eemed to vary significantly among viral isolates. De-
FIG. 5. Matrix comparison of the terminal sequences of CVK2 (DDBJ
sing the DNASIS program, 3000 bp of CVK2 (down) and 2500 bp of P
he right end of the genome along the complementary strand so that nu
egions under the dots indicate .15 matches between 20 nucleotide s
f CVK1 (Yamada and Higashiyama, 1993) are circled.pite these variations, the large genomic DNA of the Chlorella viruses may have a somewhat surprising sta-
ility for its genetic organization, as suggested by the
egree of colinearity between the genomes of CVK2 and
BCV-1; they differed in only a few regional rearrange-
ents. As many as 702 ORFs found on the PBCV-1
enome include genes for a variety of functions, some of
hich seem irrelevant to viral replication (Kutish et al.,
996; Li et al., 1995, 1997; Lu et al., 1995, 1996). However,
hese genes should be considered carefully if they con-
istently occur in the genome regardless of viral origins.
Major rearrangements observed between the CVK2
nd PBCV-1 genomes include (1) an insertion of a 20-kbp
egion in the CVK2 left end, (2) gene duplications in the
VK2 region covered by cosmid clones 1G11 and 1F7,
nd (3) divergence in both size and sequence of the TIR
egion. The extra 20-kbp sequence in CVK2 may include
dditional ORFs. To understand the evolution and history
f Chlorella viruses, it would be interesting to know what
enes are encoded in this region, but they may not be
ssential for viral replication in laboratory cultures with
sion no. AB018569) and PBCV-1 (GenBank accession no. U42580). By
(across) are compared. Numbering of the nucleotide position is from
of PBCV-1 sequence corresponds to position 330740 in the database.
es. Small repetitive elements previously found around the TIR junctionacces
BCV-1
mber 1
equenchlorella strain NC64A as a host. Earlier studies of CVK1
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383GENETIC VARIATION OF CHLORELLA VIRUSESSongsri et al., 1995) and PBCV-1 (Landstein et al., 1995)
stablished that a region spanning 27–45 kbp immedi-
tely next to TIR can be deleted easily. Perhaps the DNA
ize divergence observed in the natural viral populations
Rohozinski et al., 1989; Yamada et al., 1991; Van Etten et
l., 1991) is mainly due to changes in this region.
As seen in the divergent region in cosmids 1G1 and
F7, DNA sequences of a gene unit often moved from
ne place to another along the genome (Fig. 4A). A
imilar insertion/deletion was observed in the neighbor-
ood of the CVK2 chitosanase gene (vChta1) where an
dditional ORF was inserted downstream of the gene
Yamada et al., 1997). In most cases, such a “moving
ene unit” is flanked by short repeated sequences, such
s, elements of GTn for CVK2 mcpII as pointed out
bove. The involvement of short repeated sequences in
oth homologous and nonhomologous recombinations
as suggested to be a mechanism for generating vari-
us kinds of rearrangements of Chlorella viral genomes
Landstein et al., 1995; Songsri et al., 1995; Yamada and
igashiyama, 1993).
The biological function of the TIR sequences is un-
nown. They could play an important role in virus DNA
eplication and/or packaging of DNA into the viral capsid.
f either of these possibilities is correct, one might expect
he terminal regions to be highly conserved among
hlorella viruses. However, the primary sequences of the
VK2 and PBCV-1 TIRs did not show any significant
omology (Fig. 5). Variations in the TIR sequences are
lso known for poxviruses (Baroudy and Moss, 1982;
cFadden and Dales, 1979; Wittek et al., 1978) and
frican swine fever virus (Blasco et al., 1989; de la Vega
t al., 1994; Dixon et al., 1990), both of which share
ommon genomic structural features to the Chlorella
iruses, including large linear dsDNA molecules with
IRs and with covalently closed hairpin ends. In both
ases, deletions/insertions generated by unequal cross-
ver between short sequences repeated within TIR were
upposed to be a major mechanism of heterogeneity.
uch repeated elements are also present in the regions
lanking TIR of CVK1 (Yamada and Higashiyama, 1993),
VK2 (present work), and PBCV-1 (Strasser et al., 1991).
iversity of the copy number of these elements among
he viruses suggests the similar events also occur in
hlorella viruses.
When using Southern blot analysis in which the TIR
equence served as a probe against genomic DNA, we
aw spontaneous variants of CVK2 appear after 60
ounds of lytic cycle on Chlorella host strain NC64A (data
ot shown). These preliminary experiments suggested at
east two different mechanisms, in addition to simple
eletions/insertions of the TIR rearrangements, that may
ffect the diversity of the TIR structure. From a total of 20
andomly picked variants exhibiting changes in the TIR
ragments, 10 showed altered mobility in one of the two ferminal fragments (type A), 5 consistently hybridized to a
and corresponding to the right terminal fragment irre-
pective of restriction enzymes (type B), and 5 bore more
han two (mostly three) hybridizing bands with changed
obilities (type C). Variants of type A resembled those
eported previously (Yamada and Higashiyama, 1993)
nd may be generated by simple deletions/insertions in
ne terminus. Type B variants more likely arose by trans-
osition of a large copy of the right end to the left end;
his is reported for deletion mutants of PBCV-1 (Land-
tein et al., 1995). The third mechanism for generating
ariants of type C may involve homologous or nonho-
ologous recombination between one ends of different
olecules. This mechanism partially may explain the
ivergence that was observed in the TIR sequences of
VK2 and PBCV-1.
MATERIALS AND METHODS
trains and growth conditions
Cells of Chlorella strain NC64A (Muscatine et al., 1967)
ere cultured in a modified Bold’s basal medium as
escribed (Van Etten et al., 1983). Chlorella viruses CVK1
nd CVK2 were isolated from freshwater in Japan in 1990
Yamada et al., 1991). CVK1 was considered to be a
low-growing derivative of CVK2 (Yamada and Higash-
yama, 1993). Chlorella virus PBCV-1 isolated from Chlor-
lla-like algae that resided in Paramecium bursaria cells
Van Etten et al., 1982) was obtained from Dr. J. L. Van
tten. The production and purification of CVK2 and
BCV-1 were described previously (Yamada et al., 1991).
onstruction of a cosmid library of CVK2 DNA and
lignment of overlapping cosmid clones (contig)
DNA was isolated from the purified CVK2 particles by
henol extraction after treatment with proteinase K (0.1
g/ml; Nippon Gene Co. Ltd.) in 10 mM Tris–HCl (pH 7.4)
ontaining 0.1 M NaCl, 1 mM EDTA, and 0.1% Sarkosyl
Fulka AG) at 55°C for 2 h. CVK2 DNA (10 mg) was
artially digested with Sau3AI and ligated to SuperCosI
rms (Stratagene). After packaging with Gigapack III
ackaging extract (Stratagene), the phages were grown
n Escherichia coli XL1-Blue MR. The preparation yielded
3 104 clones. From the cosmid library, 528 clones were
icked to generate cosmid contigs and blotted onto
embranes for hybridization analysis. For the first group-
ng by hybridization, the genes for TFIIS (Yamada et al.,
994), Vp73–3 and Vp73–42 (Yamada et al., 1996), chi-
osanase (Yamada et al., 1997), and the major capsid
rotein Vp52 (Nishida et al., 1998) were used as land-
ark probes. The clones were then aligned to each other
y EcoRI restriction fingerprinting using a BIO Image gel
canner (B.I. Systems). For further walking, an EcoRIragment positioned far from the first point was used as
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apping clones were obtained.
To obtain CVK2 DNA fragments containing the most
erminal regions, CVK2 DNA was treated with Bal31 exo-
uclease before digestion with XhoI. XhoI fragments of
5.0 and 6.0 kbp that hybridized with a CVK1-TIR se-
uence probe (Yamada and Higashiyama, 1993) were
xcised from agarose electrophoresis gel and ligated to
coRV and XhoI sites of pBluescript II (SK)1 for trans-
ormation into E. coli XL1-Blue MRF9. Obtained plasmids
ontaining the right terminus fragment (6.0 kbp) and the
eft terminus fragment (5.0 kbp) were designated pTER1
nd pTEL1, respectively.
DNA cloning and sequencing PBCV-1 DNA sequences
o be used as probes for Southern blot analysis were
mplified by PCR using synthetic oligonucleotides as
rimers and PBCV-1 DNA as template. The primers used
re listed in Table 1. For ORFs, A125L (TFIIS), A185R
DNA polymerase), and A292L (chitosanase), corre-
ponding CVK2 DNA fragments cloned previously (Song-
ri et al., 1995; Yamada et al., 1994, 1997, respectively)
ere used as probe. The PCR product was cloned into
he EcoRV site of pT7Blue(R) vector (Novagen). Single-
tranded DNA was sequenced by the dideoxy method in
n ALF-red DNA sequencer (Pharmacia) to confirm the
CR-amplified sequence. For Southern blot analysis,
ach DNA clone was labeled with nonradioactive digoxy-
enin-dUTP (Boehringer Mannhein GmbH) according to
he manufacturer’s manual. Hybridization was performed
n a mixture containing 50% formamide, 5 3 SSC (1 3
SC 5 0.15 M NaCl, 15 mM sodium citrate), 5% blocking
eagent (Boehringer Mannheim GmbH), 0.1% Sarkosyl,
nd 0.02% SDS at 42°C for 20 h.
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